Background: Completed human papillomavirus (HPV) vaccination by age 16 years among women in Switzerland ranges from 17 to 75% across 26 cantons. The consequences of regional heterogeneity in vaccination coverage on transmission and prevalence of HPV-16 are unclear. Methods: We developed a deterministic, population-based model that describes HPV-16 transmission among young adults within and between the 26 cantons of Switzerland. We parameterized the model using sexual behavior data from Switzerland and data from the Swiss National Vaccination Coverage Survey. First, we investigated the general consequences of heterogeneity in vaccination uptake between two sub-populations. We then compared the predicted prevalence of HPV-16 after the introduction of heterogeneous HPV vaccination uptake in all of Switzerland with homogeneous vaccination at an uptake that is identical to the national average (52%). Results: HPV-16 prevalence in women is 3.34% when vaccination is introduced and begins to diverge across cantons, ranging from 0.14 to 1.09% after 15 years of vaccination. After the same time period, overall prevalence of HPV-16 in Switzerland is only marginally higher (0.55 %) with heterogeneous vaccination uptake than with homogeneous uptake (0.49%). Assuming inter-cantonal sexual mixing, cantons with low vaccination uptake benefit from a reduction in prevalence at the expense of cantons with high vaccination uptake. Conclusions: Regional variations in uptake diminish the overall effect of vaccination on HPV-16 prevalence in Switzerland, although the effect size is small. Cantonal efforts towards HPV-prevalence reduction by increasing vaccination uptake are impaired by cantons with low vaccination uptake. Harmonization of cantonal vaccination programs would reduce inter-cantonal differences in HPV-16 prevalence.
vaccine, although around 50% of the total population would be 37 vaccinated, the transmission would be blocked as the vaccine-38 targeted sex would act as a dead-end host. Spatial variation 39 in HPV vaccination uptake between states in the United States 40 of America (USA) has been taken into account in a model- 41 ing study that quantified the epidemiological impact and cost-populations. We then simulated the transmission of within and between the 26 cantons of Switzerland assuming 67 three different scenarios for inter-cantonal sexual mixing. We 68 compared the predicted post-vaccination prevalence of HPV-16 69 after the introduction of heterogeneous HPV vaccination uptake 70 with a default scenario of homogeneous vaccination. 71 2. Methods 72 2.1. HPV-16 transmission model 73 We developed a deterministic, population-based model of HPV transmission that is based on well-establish work on modeling sexually transmitted infections (STIs) [17] [18] [19] . For simplicity, we focused on HPV-16 only as it is the most common oncogenic type in women worldwide [20] and responsible for more than 50% of invasive cervical cancers [21] . We implemented the spatial (cantonal) structure into a meta-population model, and considered the population of 18-24 year old heterosexual Swiss adults who can be susceptible (S ), infected (I), recovered (R) or vaccinated (V). These compartments are further divided into sub-compartments that reflect the individuals' sex, sub-population/canton and sexual activity level, and can be described by the following system of ordinary differential equations (ODEs): The first two scenarios where we assumed fully assortative or partial proportional mixing between sub-populations/cantons result in the following force of infection:
where β is the per partnership transmission probability and c r is the sexual partner change rate for individuals of sexual activity group r. The elements of the sexual mixing matrix ρ ss kk rr = ρ ss kk ρ rr We used mobility data as a proxy for inter-cantonal sexual mixing by assuming that the heterosexual partner preference across cantons is proportional to the corresponding commuting patterns. The symmetrical matrix P mob provides absolute numbers of commuters between cantons without specifying the commuters' canton of residence. We converted P mob into an asymmetrical inter-cantonal mixing matrix σ kk that provides the conditional probabilities that a sexual contact from an individual from canton k occurs with someone from canton k . To this end, we first rescaled P mob by a scaling factor s and weighted all columns with the inverse of the cantonal population size:
We then replaced the diagonal entries of σ kk with the sum of all entries that are outside canton k:
The force of infection for the mobility-informed sexual mixing scenario is given by Eq. 6 with ρ ss kk rr being replaced by σ kk ρ ss rr . We chose the scaling factor s such that the weighted proportion of intra-cantonal heterosexual contacts across all cantons is 80% (Supplementary Material Fig. S.1 ), i.e., is the same as in the proportional sexual mixing scenario: To better understand the effects of spatially heterogeneous 207 vaccination uptake on infection transmission, we focused on 208 a simplified model with just two sub-populations of the same 209 size. We calculated the expected HPV-16 prevalence after 50 years of vaccinating the two sub-populations at different coverage rates (Fig. 3) . In the first scenario, we assumed fully as-212 sortative sexual mixing between the two sub-populations, i.e., 213 sexual contacts only occur between individuals from the same 214 sub-population (Fig. 3a) . The concave relation between vac-215 cination coverage in the two sub-populations and the expected 216 prevalence of HPV-16 overall indicates that homogeneous vac-217 cination uptake always has the largest effect on reducing preva-218 lence. For example, a vaccination coverage of 25% in both sub-219 populations results in a lower prevalence than vaccinating ei-220 ther of them at 50%. In the second scenario, we assumed a 221 certain level of proportional mixing where 20% of sexual con-222 tacts are made with individuals from the other sub-population 223 (Fig. 3b ). Sexual mixing between the two sub-populations di-224 minishes the negative effect of heterogeneous vaccination up-225 take, but homogeneous vaccination still results in the lowest 226 prevalence of HPV-16. Fig. 3c shows the difference in the ex-227 pected HPV-16 prevalence between the first (no sexual mixing 228 between the sub-populations) and second (sexual mixing be-229 tween the sub-populations) scenario. The higher the difference, 230 the stronger the effect of sexual mixing is in reducing the nega-231 tive consequences of heterogeneous vaccination uptake. This is 232 particularly the case when vaccination is highly heterogeneous, 233 i.e., when uptake is very high in one sub-population and very 234 low in the other sub-population. In summary, these results il-235 lustrate that spatially heterogeneous vaccination uptake dimin-236 ishes the effect of vaccination on reducing HPV-16 prevalence, 237 but that sexual mixing between sub-populations can limit these 238 undesired consequences by 'homogenizing' the overall popula-239 tion. (Fig. 4a ). The range of cantonal HPV-16 prevalence narrows 253 if sexual mixing between cantons is taken into account. The 254 cantonal prevalence ranges from 1.28% to 0.23% for propor-255 tional mixing (Fig. 4b) , and from 1.09% to 0.14% for mobility-256 informed mixing (Fig. 4c) . Thus, sexual mixing between can- This effect is also reflected in the overall prevalence of HPV-260 16 in Switzerland. The national prevalence of HPV-16 is 261 slightly higher under heterogeneous vaccination uptake com-262 pared with homogeneous uptake (Fig. 4a) . This difference be-263 comes smaller in the two scenarios that assume sexual mixing 264 between the two cantons ( Fig. 4b and 4c ). In the most realistic results in a lower HPV-16 prevalence (Fig. 5, dashed red lines) , 279 while the effect of sexual mixing at the cantonal level is more 280 intricate. The number of cantons that achieve a specific reduc-281 tion in prevalence -expressed as relative risk (RR) reduction 282 -can either decrease or increase with varying degrees of sex-283 ual mixing (Fig. 5 ). For example, high levels of sexual mixing 284 between cantons (low k ) increase the number of cantons that 285 achieve a 50% reduction in prevalence after 15 years of vacci-286 nation (Fig. 5a ). In contrast, low levels of sexual mixing be-287 tween cantons (high k ) are required to increase the number of 288 cantons that achieve a RR reduction of 90%. On a timescale 289 of 50 years, the number of cantons that reach a RR reduction 290 of 99% is lowest for low, but realistic, levels of sexual mix-291 ing between cantons ( k = 0.85 − 0.95) (Fig. 5b) . These levels at an uptake that is identical to the national average (52%).
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One might expect that the effects of herd immunity in the lat- 
